Aminoglycosides are highly potent, broad-spectrum antibiotics with many desirable properties for the treatment of lifethreatening infections (28). Their history begins in 1944 with streptomycin and was thereafter marked by the successive introduction of a series of milestone compounds (kanamycin, gentamicin, and tobramycin) which definitively established the usefulness of this class of antibiotics for the treatement of gram-negative bacillary infections. In the 1970s, the semisynthetic aminoglycosides dibekacin, amikacin, and netilmicin demonstrated the possibility of obtaining compounds which were active against strains that had developed resistance mechanisms towards earlier aminoglycosides as well as displaying distinct toxicological profiles (65). Since then, however, the pace of development of new aminoglycosides has markedly slowed down. Conversely, we have witnessed a period of extensive basic and clinical research which has made us view these drugs very differently from what was commonly accepted when they were first introduced in the clinic. We attempt to present and discuss these developments, not to ascertain whether there is a likelihood that new molecules or effective means to avoid bacterial resistance and drug-induced toxicity will eventually reach the clinical arena, but to foster continuing research on aminoglycosides and to make the clinician aware of the pertinent progress made in this area. The present paper is focused on activity and resistance, whereas the companion review (65) deals with nephrotoxicity (ototoxicity has been reviewed earlier in this journal [4] ). In both reviews, we did not attempt to be exhaustive in any of these domains, and the material presented has been selected on the basis of its interest in terms of new concepts or because it deals directly with the design of new aminoglycosides or an improved use of the available agents.
Aminoglycosides are highly potent, broad-spectrum antibiotics with many desirable properties for the treatment of lifethreatening infections (28) . Their history begins in 1944 with streptomycin and was thereafter marked by the successive introduction of a series of milestone compounds (kanamycin, gentamicin, and tobramycin) which definitively established the usefulness of this class of antibiotics for the treatement of gram-negative bacillary infections. In the 1970s, the semisynthetic aminoglycosides dibekacin, amikacin, and netilmicin demonstrated the possibility of obtaining compounds which were active against strains that had developed resistance mechanisms towards earlier aminoglycosides as well as displaying distinct toxicological profiles (65) . Since then, however, the pace of development of new aminoglycosides has markedly slowed down. Conversely, we have witnessed a period of extensive basic and clinical research which has made us view these drugs very differently from what was commonly accepted when they were first introduced in the clinic. We attempt to present and discuss these developments, not to ascertain whether there is a likelihood that new molecules or effective means to avoid bacterial resistance and drug-induced toxicity will eventually reach the clinical arena, but to foster continuing research on aminoglycosides and to make the clinician aware of the pertinent progress made in this area. The present paper is focused on activity and resistance, whereas the companion review (65) deals with nephrotoxicity (ototoxicity has been reviewed earlier in this journal [4] ). In both reviews, we did not attempt to be exhaustive in any of these domains, and the material presented has been selected on the basis of its interest in terms of new concepts or because it deals directly with the design of new aminoglycosides or an improved use of the available agents.
BASIS OF ANTIMICROBIAL ACTION
The basic chemical structure required for both potency and the spectrum of antimicrobial activity of aminoglycosides is that of one or several aminated sugars joined in glycosidic linkages to a dibasic cyclitol. In most clinically used aminoglycosides the latter is 2-deoxystreptamine, and it is streptidine in streptomycin and derivatives and fortamine in the fortimicin series ( Fig. 1 and 2 ). Aminoglycosides act primarily by impairing bacterial protein synthesis through binding to prokaryotic ribosomes. Passage of these highly polar molecules across the outer membrane of gram-negative bacteria (31, 32 ) is a selfpromoted uptake process involving the drug-induced disruption of Mg 2ϩ bridges between adjacent lipopolysaccharide molecules (108) . Penetration through porin channels is unlikely because of the large size of aminoglycosides (approximately 1.8 by 1.0 by 1.0 nm [11] ). Subsequent transport of aminoglycosides across the cytoplasmic (inner) membrane is dependent upon electron transport and is termed energy-dependent phase I (EDP-I [5] ). It is rate limiting and is blocked or inhibited by divalent cations, hyperosmolarity, low pH (114) , and anaerobiosis. In the cytosol, aminoglycosides bind to the 30S subunit of ribosomes, again through an energy-dependent process (energy-dependent phase II [EDP-II] [5] ). While this binding does not prevent formation of the initiation complex of peptide synthesis (binding of mRNA, fMetRNA, and association of the 50S subunit), it perturbs the elongation of the nascent chain by impairing the proofreading process controlling translational accuracy (misreading and/or premature termination [60] ). The aberrant proteins may be inserted into the cell membrane, leading to altered permeability and further stimulation of aminoglycoside transport (7) . It is the 2-deoxystreptamine and the primed amino sugar (on the right in the structures shown in Fig. 1 ) which are essential for causing the lack of fidelity in the translation process (23) . The nucleotides responsible for aminoglycoside binding form an asymmetrical internal loop caused by noncanonical base pairs (23, 67) . These key structural features are also found in the rev-binding site of human immunodeficiency virus type 1 (HIV-1) (10, 110), but aminoglycosides are unlikely to become anti-HIV drugs, as was originally hoped (116) , without thorough chemical optimization and/or screening (51, 78) because of their lack of specificity. Whereas all clinically used aminoglycosides are inhibitors of prokaryotic protein synthesis at commonly accepted therapeutic concentrations (Յ25 g/ml), they may also affect the protein synthesis of mammalian cells at larger concentrations (96) , probably through nonspecific binding to eukaryotic ribosomes and/or nucleic acids. Molecules with a hydroxyl function at C-6Ј in place of an amino function, such as in kanamycin C, gentamicin A factors, and antibiotic G418 (3Ј,4Ј-dihydroxy-6Ј-hydroxy-6Ј-deamino-gentamicin C 1 , also called geneticin [30] ), are more effective inhibitors of eukaryotic protein synthesis (22, 52) . Geneticin and hygromycin B (an atypical aminoglycoside with properties similar to G418) are now commonly used in molecular biology to select eukaryotic cells transfected with a gene coding for an appropriate aminoglycoside-modifying enzyme (17, 88) . Antibiotic G418 was actually shown to bind directly to the eukaryotic 80S ribosomal complex (2) , and its mode of action, and probably that of the other 6Ј-OH aminoglycosides, is therefore expected to be quite different from that of conventional aminoglycosides. It is not clear, however, how antibiotic G418 and hygromycin B reach their target in the cytosol in sufficient amounts (6) , since aminoglycosides in general are too polar to cross mammalian cell mem- branes by diffusion and are mainly stored in lysosomes of mammalian cells grown in their presence (103) .
RESISTANCE MECHANISMS
The emergence of resistant strains has somewhat reduced the potential of aminoglycosides in empiric therapies (71) . Alteration of the ribosomal binding sites will not be reviewed here since it causes significant resistance to streptomycin only. The other main mechanisms which may affect all aminoglycosides are (i) a decreased uptake and/or accumulation of the drug in bacteria and (ii) the bacterial expression of enzymes which modify the antibiotic and thereby inactivate it (18, 89) .
Decrease in drug uptake and accumulation. Reduced drug uptake, mostly seen in Pseudomonas spp. and other non-fermenting gram-negative bacilli, is likely to be due to membrane impermeabilization, but the underlying molecular mechanisms are largely unknown (8) . It is highly significant in the clinic since it affects all aminoglycosides, is a stable characteristic, and results in a moderate level of resistance (intermediate susceptibility). Aerobic gram-negative bacilli in general also show a phenomenon of adaptive resistance (transiently reduced antimicrobial killing in originally susceptible bacteria [42, 115] ). Membrane protein changes and alteration in the regulation of genes of the anaerobic respiratory pathway in bacteria exposed to aminoglycosides (42) are probably responsible for this phenomenon (55) , which gives a pharmacodynamic rationale for high dosages associated with long intervals between successive administrations (16) . Active efflux has been evidenced for neomycin, kanamycin, and hygromycin A in Escherichia coli (21, 33) (protein Mdfa, a member of the family of multidrug resistance proteins), but its clinical significance is still uncertain compared to that of other antibiotics (54, 75) .
Aminoglycoside-modifying enzymes. Aminoglycoside-modifying enzymes catalyze the covalent modification of specific amino or hydroxyl functions, leading to a chemically modified drug which binds poorly to ribosomes and for which the EDP-II of accelerated drug uptake also fails to occur, thereby resulting most often in high-level resistance. The enzymes modifying aminoglycosides are N-acetyltransferases (AAC), which use acetyl-coenzyme A as donor and affect amino functions, and O-nucleotidyltransferases (ANT) and O-phosphotransferases (APH), which both use ATP as donor and affect hydroxyl functions. The functions affected in typical aminoglycosides (kanamycin and gentamicin derivatives) are on positions 3, 2Ј, and 6Ј for AAC, positions 4Ј and 2Љ for ANT; and positions 3Ј and 2Љ for APH (Fig. 3) . Aminoglycoside-modifying enzymes are often plasmid encoded but are also associated with transposable elements. Plasmid exchange and dissemination of transposons facilitate the rapid acquisition of a drugresistance phenotype not only within a given species but among a large variety of bacterial species. In epidemiological surveys, aminoglycoside resistance mechanisms have first been ascertained by examining the susceptibility of the isolates to a panel of clinically used and experimental aminoglycosides with specific susceptibilities to these enzymes (phenotypic characterization [89] ). Such studies quickly led to the recognition of a large diversity of phenotypes with almost every susceptible position in each drug being modified by several distinct enzymes. With the development of molecular biology techniques, a considerably larger number of genes have been characterized so that each phenotype has now been associated with the expression of several distinct proteins with the same aminoglycoside-modifying activity (64a, 89) . Large variations in substrate specificity may develop from a few and sometimes a single amino acid change in the protein (83, 113) . Moreover, several genes could derive from one or a few single common ancestors, suggesting a large plasticity in the type of activities a bacterium may express. It is therefore anticipated that bacteria will quickly catch up to or defeat our efforts at making a given aminoglycoside resistant to inactivation by a specific enzyme. This insight also places the existence of aminoglycoside-mod- ifying enzymes in a new perspective. It is indeed likely that these enzymes have physiological functions in bacteria (acetylation, nucleotidylation, or phosphorylation of natural substrates) and that their activities against aminoglycosides in the wild-type strains are simply too weak to confer a phenotype of resistance. Yet, these proteins may be overexpressed under the pressure of aminoglycosides (84, 112) . In some cases, aminoglycosides may still remain poor substrates compared to the natural ones, but a moderate overexpression will nevertheless be enough to cause low-level resistance and further selection of the so-called intermediate susceptibility strains. These strains often fail to be clearly recognized in routine microbiological testing unless their MICs are determined, but their presence may explain clinical failures seen with patients with low peak levels (70) of aminoglycosides in serum.
All these observations most probably account for the fact that while early aminoglycoside resistance surveys (19, 82, 90) showed resistant strains to be characterized by a single modifying enzyme, subsequent surveys in the same regions began to show the emergence of complex phenotypes and a multiplicity of genotypes (20, 62) . Most interestingly, some changes in the pattern of mechanisms in certain species of Enterobacteriaceae were found to correlate with modifications in aminoglycoside usage at the level of either geographic region or individual hospital (62-64) (for a web site with regular updates on aminoglycoside-inactivating enzymes and on methods for their identification see reference 88a). Such phenomena explain why the choice of an aminoglycoside has become so much more complex today and must be largely individualized on the basis of the local epidemiology and appropriate determination of effective susceptibility. An additional source of complexity in human therapy is also the spreading of resistance genes from bacteria exposed to aminoglycosides used more specifically in animals, such as apramycin (9, 41) , causing selection pressure even in the absence of drug usage in the hospital setup. Pseudomonas is perhaps an exception to this evolution towards more complexity since the main change observed from the mid-1970s to now seems to be an increase in the frequency of the socalled decreased permeability type of resistance. Yet, because this mechanism is often not characterized in epidemiological surveys, we cannot exclude the undetected emergence of enzymatically mediated low-level resistance mechanisms.
DESIGN AND CHARACTERIZATION OF COMPOUNDS ACTIVE AGAINST ORGANISMS PRODUCING AMINOGLYCOSIDE-MODIFYING ENZYMES
So far, the most successful approaches to obtaining derivatives with activity against strains producing aminoglycosidemodifying enzymes have used the conventional pharmacochemical methodology of structure-activity relationship studies and medicinal chemistry, starting from existing compounds and modifying them to decrease their recognition by one or several enzymes while retaining most of their intrinsic activity. Approaches by using the knowledge of the aminoglycosidemodifying enzymes to produce totally new compounds are recent and still largely unproven.
PHARMACOCHEMICAL METHODOLOGY APPROACHES
Most of these approaches have been applied to the 2-deoxystreptamine derivatives, and these will be therefore discussed in detail (Fig. 4) . Indeed, among the non-2-deoxystreptamine aminoglycosides only fortimicins, made of a diaminocyclitol (fortamine) and only one aminated sugar (see Fig. 2 ), have been studied [fortimicins lack the functions modified by APH(3Ј), ANT(2Љ), and ANT(4Ј) and are therefore sensitive only to AAC(6Ј) and AAC(3); dactimicin, a natural derivative of fortimicin A carrying a formimidoyl substitution on the amino group of the glycyl residue (76) (Fig. 2) is protected against AAC(6Ј)-I and -II but not against the bifunctional enzyme AAC(6Ј)-APH(2Љ) (29) ; it remains sensitive to AAC(3)].
Generally speaking, two types of leads have been followed. In the first one, resistance to specific enzymes has been sought for by introducing minor but often very efficient modifications of one given function. In the second one, more extensive changes have been introduced which confer resistance to several aminoglycoside-modifying enzymes acting on distinct functions in the parent molecule because its overall properties are significantly modified.
Protection against specific aminoglycoside-modifying enzymes. (i) Phosphotransferases. This line of research was pioneered in the late 1960s-early 1970s by H. Umezawa and colleagues, who aimed at protecting kanamycins against APH enzymes and especially APH(3Ј), which was most prevalent at that time (68) . This led to the synthesis of 3Ј-deoxykanamycin A (107), with properties similar to those of tobramycin in this context (66) , and to that of 3Ј,4Ј-dideoxykanamycin B (dibekacin) (106), which resists both APH(3Ј) and ANT(4Ј) enzymes (note that a similar protection is observed in the naturally occurring gentamicins C and sisomicin (and its derivative netilmicin). Insensitivity of the 3Ј-deoxyaminoglycosides to phosphorylation is, however, only partial because one of the APH(3) enzymes [APH(3Ј)-I] tightly binds to these molecules, even though they are not substrates, resulting in a phenotype of resistance (61) .
(ii) Acetyltransferases. Among the acetyltransferases the 6Ј-N-acetyltransferases, and particularly AAC(6Ј)-I, have attracted the greatest attention because these enzymes confer resistance not only to the naturally occurring kanamycins and tobramycin but also to the 1-N-substituted derivatives discussed below (amikacin and netilmicin). Commercial, clinically used gentamicin appears to be resistant to AAC(6Ј)-I enzymes because of its content of gentamicin C 1 (approximately onethird). Indeed, this component of the gentamicin complex carries a methyl group on N-6Ј (as well as on C-6Ј) giving rise to a secondary amine which is far less susceptible to AAC(6Ј) enzymes. Sagamicin or gentamicin C 2b , a minor component of the gentamicin complex which is methylated in N-6Ј only (77) , is also resistant to AAC(6Ј) enzymes. Reduction of the sensitivity of the other aminoglycosides towards AAC(6Ј) enzymes was therefore sought by a similar substitution of the N-6Ј either as such (e.g., 6Ј-N-methyl-sisomicin [G52]) or in combination with the 1-N-substitutions discussed below (6Ј-N-ethyl-netilmicin, 6Ј-N-methyl-amikacin [BB- K 28] , and with the deoxygenation of position 4Ј already discussed, 4Ј-deoxy-6Ј-N-methyl- FIG. 4 . Chemical modifications performed on kanamycin B to obtain compounds capable of resisting inactivation by specific aminoglycoside-modifying enzymes (see Fig. 3 for the types of enzymes acting on each of these positions).
VOL. 43, 1999 MINIREVIEW amikacin [BB-K 311] [73, 81] ). All these semisynthetic compounds, however, have lower intrinsic activities against sensitive isolates with no or little commensurate decrease in toxicity, so that none of them has been developed so far for clinical use. Following the observation that 6Ј-N-amino acid and peptide derivatives of neamine retain the weak but nevertheless measurable microbiological activity of the parent compound (27) , 6Ј-N-amino acid-and peptides derivatives of kanamycin A and netilmicin have been synthesized (48) . Unfortunately, these compounds lacked activity against both susceptible and resistant strains, demonstrating that the 6Ј-N atom must remain ionizable, as was already deduced from the lack of significant activity of 6Ј-N-hydroxyaminobutyryl-kanamycin A, a positional isomer of amikacin (74) . Synthesis of compounds designed for specific resistance to other acetyltransferases [AAC(2Ј) and AAC(3)] has been much more limited, with the exception of 2Ј-N-ethyl-netilmicin (73), which has not been developed for clinical use.
Protection against several aminoglycoside-modifying enzymes. (i) 1-N-substituted derivatives. The strategy of developing compounds by substituting a short amino acyl or alkyl chain for the N-1 amino function has been highly successful. The basis of this strategy was the recognition in the late 1960s that the naturally occurring butirosins possessing an amino acyl chain on N-1 are resistant to many inactivating enzymes while retaining most of the intrinsic activity of the unsubstituted molecules against susceptible strains (102, 111) . While butirosins themselves are of little interest, this observation led to the semisynthesis of analogous 1-N-acyl derivatives of the kanamycins and gentamicins yielding, successfully, amikacin {1-
N-[(S)-4-amino-2-hydroxybutyryl]-kanamycin A (36, 43)}, isepamicin {1-N-[(S)-4-amino-2-hydroxypropionyl]-gentamicin B (72)}, and arbekacin {1-N-[(S)-4-amino-2-hydroxybutyryl-
3Ј,4Ј-dideoxykanamycin B, formerly called habekacin] (39, 45, 97)}, all three of which have been clinically developed (similar compounds were made with other naturally occurring aminoglycosides such as sisomicin [73] but were not brought to the clinics). In these derivatives, the N-1 atom is no longer basic or ionizable, and the basic amino function is actually displaced to the end of the side chain. These compounds are not only protected against enzymes acting on position 2Љ [ANT(2Љ)-I enzymes], which most likely results from steric hindrance, but also on position 3 [AAC(3) enzymes], and for amikacin and isepamicin, to some of the enzymes acting on position 3Ј. The explanation for this wider-than-expected protection as well as for the maintenance of activity towards susceptible strains is probably that the side chain folds in such a way as to present its terminal amino function at a position which, compared to that of the N-1 function in the parent compound, is sufficiently close for efficient binding to the ribosomes. Yet, it also remains sufficiently remote to circumvent the AAC(3) and APH(3Ј) enzymes by slightly misaligning them on the drug molecule (73) . This useful feature explains the wide success of the 1-Nsubstituted derivatives in situations of resistance to kanamycin, gentamicin, or tobramycin, with amikacin being the lead compound nowadays in North America and Europe (isepamicin, largely used in Japan, is now also available in Europe).
1-N-aminoacyl derivatives, however, remain largely susceptible to enzymes acting on position 4Ј unless that position is made unreactive by deoxygenation such as in BB K-311 (discussed above) or arbekacin. Arbekacin, having no hydroxyl function at C-3Ј and C-4Ј, is not modified by APH(3Ј) and ANT(4Ј) enzymes. It is also not inactivated by the bifunctional enzymes APH(2Љ)-AAC (6Ј) and ANT(4Ј)-ANT(4Љ), produced by Staphylococcus aureus and Staphylococcus epidermidis (104) . Since methicillin-resistant Staphylococcus aureus often harbors these bifunctional enzymes (46, 47) , arbekacin has found an interesting application in the treatment of infections caused by these organisms (39, 40) . Arbekacin carries a 2Ј-amino function and is therefore slowly modified by AAC(2Ј) enzymes (49) . Yet, the resulting 2Ј-N-acetyl derivative retains substantial antibiotic activity against a variety of bacterial species (38) .
The 1-N substitution in amikacin and arbekacin does not confer protection against the enzymes causing the AAC(6Ј)-I phenotype. Yet, surprisingly, isepamicin is resistant to many of them, perhaps due to the fact that it contains a secondary, methylated amine at position 3Љ, an important determinant for binding and correct positioning of the AAC(6Ј) enzymes (63) . This explanation, however, does not account for why netilmicin remains fully susceptible to the same enzymes since it shares the same doubly primed sugar as isepamicin.
A parallel direction of research has been the substitution of the N-1 position of aminoglycosides by an alkyl group, a strategy that results in the introduction of substituents which also protect the aminoglycoside from the ANT(2Љ) and AAC (3) enzymes but which leaves the N-1 group as a secondary ionizable amine. These compounds more fully maintain their intrinsic antibacterial activity than the 1-N-amino acyl derivatives. Yet, for the same reason, they are not protected against enzymes acting further away from positions 2Љ and 3. This approach yielded a large number of drug candidates such as 1-N-butyl-kanamycin A, 1-N-butyl-kanamycin B, and 1-N-ethyl-sisomicin (80) . Only the latter, under the name of netilmicin, has been clinically developed, apparently mainly on grounds of toxicological considerations (73) . Since netilmicin is built from sisomicin, which has no hydroxyl function in C-3Ј and C-4Ј, it is not modified by APH(3Ј) and ANT(4Ј) enzymes. Conversely, it remains sensitive to AAC(2Ј) and to all AAC(6Ј) enzymes. Amino alkyl rather than amino acyl or alkyl groups have also been used to substitute the N-1 position of aminoglycosides [e.g., 1-N-(4-aminobutyl) sisomicin (73) ], an approach that would not only leave this N-1 ionizable (as in netilmicin) but would also place a terminal ionizable function on the side chain (as in amikacin, isepamicin, and arbekacin). Apparently, this lead was not followed.
(ii) Derivatives with inverted chirality. Inverting the stereochemistry of the substituents of a carbon atom carrying a functional group which is a target for a modifying enzyme was thought to be sufficient to make this function insensitive to the corresponding enzyme. An inversion of stereochemistry may have broader effects. Indeed, as demonstrated by the studies made in the sisomicin series, changing the orientation of the 5-OH function from equatorial to axial (yielding 5-episisomicin) makes the molecule resistant to ANT(2Љ), AAC(2Ј), and most AAC(3) enzymes. It is thought that the change of orientation of the hydroxyl group allows for more rotational freedom of the two sugars around the corresponding carbon atoms of the aglycone (C-4 and C-6) which are flanking the C-5 (73). This interesting lead was also followed for amikacin or arbekacin (1, 99) but has so far not yielded clinically usable compounds.
(iii) 1-C-substituted derivatives. In a search for alternatives to the N-1 substitutions, a direct linking of various side chains to the C-1 of the 2-deoxystreptamine has been attempted. Introduction of a hydroxymethyl substituent at that position in gentamicin C 2 yielded a compound (S87351) that overcomes all clinically relevant types of enzymatically-mediated resistance of importance for gentamicin (35, 53) and specifically resists the enzymes acting at positions 2Љ, 3, 2Ј, and 6Ј. The same substitution, however, was ineffective in the kanamycin series (93a, 109) with no factual explanation given so far for this unsuspected but most frustrating limitation beyond con-siderations on the comparative structures of gentamicins versus kanamycins.
(iv) Halogenated derivatives. More recently, halogenation of specific positions was attempted not only to render the function no longer susceptible to specific enzymes but also to confer protection of the neighboring functions thanks to the electron-withdrawing properties of the halogen. This was indeed observed for kanamycins carrying one or two fluorine atoms in FIG. 5 . Potential strategies to overcome or avoid inactivation of aminoglycosides by APH(3Ј) enzymes (see Fig. 3 for the site of action these enzymes). 5A, reduction of the electrostatic binding of the drug to the enzymes by deamination of the 6Ј position and/or the 1 and 3Љ positions; 5B, design of a suicide substrate (2Ј-nitro derivative allowing for the formation of a 2Ј-nitro, 3Ј-phospho derivative which then gives rise to a highly reactive 2Ј-nitroalkene capable of inactivating the enzyme by chemical binding to amino acids close to the active site); 5C, design of analogues of the pentacoordinate transition state compound involved in the enzymatic phosphorylation of the drug; 5D, use of inhibitors of protein kinases based on the similarities between these enzymes and APH(3Ј)-IIIa. position 5 of the 2-deoxystreptamine [protection against ANT(2Љ), APH(3Ј), AAC(3), and partly against AAC(2Ј) [(91) ]. Yet, this approach has clear limitations since the introduction of a fluorine in positions 2Ј, 3Ј, and 4Ј (95, 100, 101, 105) or in positions 2Љ and 6Љ (44) protects only against the enzymes acting on the modified positions. Chlorine has also been introduced into positions 3Ј and 6Љ of kanamycin A (105) as well as in position 6Љ of amikacin. Although 3Ј-deoxy-3Ј-chlorokanamycin was active against resistant bacteria, the activity of this compound was approximately one sixth of that of 3Ј-deoxy-3Ј-fluorokanamycin A against sensitive strains, discouraging further developments in this direction.
(v) Other modifications. Another original modification of the primed sugar of kanamycin to reduce its susceptibility to AAC(6Ј) enzymes has been the replacement of the endocyclic C-3Ј by an oxygen atom (yielding a dioxane), causing a major change of conformation and a marked decrease of the polarity of this moiety by the removal of the 3Ј-OH group. The corresponding derivative compounds, unfortunately, are substantially less active than kanamycins (50) .
ENZYME KNOWLEDGE-BASED APPROACHES
Phosphotransferases. Most efforts have been directed towards the APH(3Ј) enzymes, which inactivate kanamycin and other aminoglycosides carrying a 3Ј-OH function such as amikacin and isepamicin. They make up to 2% of the total bacterial protein (92, 93) Unfortunately, the intrinsic activity of these deaminated derivatives was too low to warrant clinical applications. A second and novel strategy in the aminoglycoside resistance field has been the development of suicide substrates for the APH(3Ј) enzymes. This has been attempted with 2Ј-nitroderivatives of neamine and kanamycin B (Fig. 5B) (85) . These compounds are excellent substrates of APH(3Ј) but are poor antibiotics. After the compounds have been modified by APH(3Ј), the 2Ј-nitrofunction becomes vicinal to the phosphogroup. The latter being an excellent leaving group, it will give rise, after facile and spontaneous elimination, to a nitroalkene function. The electrophilic intermediate which is thereby generated right in the active site of the enzyme will react with the nucleophilic side chain(s) of the neighboring aminoacids, resulting in an irreversible inactivation of the enzyme. The third strategy (Fig.  5C ) is based on the mechanism of phosphate transfer (98) which involves the participation of a pentacoordinate transition state intermediate. Analogues of this compound unable to yield a final product should block the enzyme and, therefore, be good inhibitors. The last strategy (Fig. 5D ) uses the knowledge of the enzymes tridimensional structure based on X-ray crystallographic data (37) . Because there are many similarities between APH(3Ј)-IIIa and eukaryotic protein kinases, a large series of inhibitors of the latter enzymes have been tested (15) , among which the isoquinoline sulfonamides, which act through competition with ATP (34), have proved effective against not only APH(3Ј)-IIIa but also against the bifunctional APH(2Ј)-AAC(6Ј) enzyme. This observation is of major clinical interest since, as mentioned above, methicillin-resistant Staphylococcus aureus often harbor this enzyme making it resistant to most available aminoglycosides except arbekacin.
Nucleotidyltransferases. Two enzymes in this group, ANT(2Љ)-I and ANT(4Ј)-I, have been studied in great detail. Both are of clinical interest since the first inactivates gentamicin and tobramycin while the latter inactivates tobramycin, amikacin, isepamicin, and all other 4Ј-OH aminoglycosides. The molecular mechanisms involved in ANT(2Љ)-I action appear to be very complex, however, with at least eight steps in the reaction itself plus additional critical steps for drug recognition (24, 26) . It is therefore unlikely that effective inhibitors can be easily designed on the basis of these complex mechanisms. It must also be remembered that the 1-N-alkyl or 1-Nacyl derivatives discussed above are effectively protected against this enzyme. Moreover, there is a rather striking parallelism for a large series of aminoglycosides between their antibacterial activity and their susceptibility to nucleotidylation by ANT(2Љ)-I enzymes (25) . Both properties indeed show a marked dependence on the number and position of the amino groups in the primed sugar (2Ј,6Ј-diamino-Ͼ 6Ј-amino-Ͼ 2Ј-amino-Ͼ deamino sugar [3, 25] ) and are enhanced if the same primed sugar is not hydroxylated (thus gentamicins C, which have no hydroxyl group on their primed sugar, are generally better antibiotics than kanamycins [69] and at the same time are better substrates for ANT(2Љ)-I [23] ). ANT(4Ј)-I has also been extensively characterized down to the determination of the amino acids involved in its antibiotic binding domain (79, 87) . This showed that the 4Ј-hydroxyl group of the antibiotic lies at a distance of only approximately 5 Å from the a-phosphorus of the nucleotide and in the proper orientation for a single in-line displacement attack at the phosphorus. Glu 145, which lies within hydrogen-bonding distance of the 4Ј-hydroxyl group, is proposed to be the active-site base, giving clear suggestion for the design of specific inhibitors targeted towards this amino acid.
CONCLUSIONS
Extensive structural information has now been assembled over the last 20 years not only on aminoglycoside-modifying enzymes but also on the fine mechanisms governing the activity of these drugs at the molecular level. In parallel, the various steps in drug uptake and disposition by bacteria have now been almost entirely uncovered. Together with the extensive progress made in the characterization of the key pharmacodynamic parameters of governing aminoglycoside activity (dose dependency, first-exposure and post-antibiotic effects) and toxicity (saturation of uptake by kidney and cochlear cells) (see references 14, 65, and 117 for reviews), this large body of knowledge could now be put into practice for the effective design and evaluation of new aminoglycosides or for the design of inhibitors of aminoglycoside-modifying enzymes. Both approaches appear feasible and could lead to substantial improvements in aminoglycoside-based chemotherapy. 
